Abstract
first located the global maximum in the HT accumulator matrix, which corresponded 8 to the most dominant collinear feature points globally, using the standard HT; then the 9 pixels close to the detected line were removed from the edge map, the HT 10 accumulator matrix was calculated again, i.e. revoting, and a new line was detected; 11 the iteration was repeated until the predefined termination conditions were satisfied. 12 The performance of the algorithm was tested using computer-generated images with 13 different levels of noises as well as clinical ultrasound images and compared with that 14 of the conventional method. It was found that the orientation estimation results 15 obtained by the new algorithm were well correlated (R 2 = 0.9902) with those obtained 16 using the traditional method, i.e., drawing lines manually and reading the angles with 17 the assistance of software. Further mean-difference plots revealed a difference of 18 0.18±2.41 degree between the two methods at the 95% confidence level. In 19 comparison with the traditional method, the new algorithm was more capable of 20 handling with highly noisy data, and could avoid the aliasing problem, i.e., reporting 21 multiple lines instead of single expected line. The results of this study suggested that 22 Introduction 8 Ultrasound imaging has been widely used to assess human muscles in both static and 9 dynamic conditions. In recent years, it has been employed to measure the quantitative 10 changes in muscle thickness (Misuri et 
Methods

20
Standard Hough transform of angle-radius parameterization 21 SHT uses the normal parameterization of a straight line in an image (Duda and Hart 
7
After transforming all edge/feature points to the ) , ( θ ρ space, the collinear points 8 will cross each other and an array measuring the crossing situation is accumulated. To test the feasibility of using HT methods for the line orientation detection in 5 musculoskeletal sonograms which are usually degraded by speckle noises, a modified 6 Hough transform named as revoting Hough transform (RVHT) was adopted in this was very noisy, the removal width could be extended from the basic value, 1 pixel, to 13 several pixels (6-12 pixels were selected for the musculoskeletal ultrasound images 14 with resolutions of 10 pixels/mm to 12.5 pixels/mm in this study) to remove more 15 neighboring feature points along the location of the detected line. The center of the 16 image was used as the origin of the coordinate system in HT, as suggested by 17 Immerkar (1998).
19
Experiments and Results
20
Comparison of SHT and RVHT using a computer-generated image 21 A testing image (256x256), as shown in Fig. 2(a) , was generated using Matlab 6.5. , only the larger triangle was detected, as 5 indicated in Fig. 2(e) . And when the threshold was decreased to 50% of the global 6 maximum to make the Hough voting procedure more sensitive, two sides of the inner 7 triangle could be detected ( Fig. 2(f) ). However, in this case, some extra lines were 8 also detected while the bottom side of the inner triangle was undetected, even though 9 it is obvious in the image. The main reason was that some lines generated large values, thresholds of 80% and 60% were demonstrated in Fig. 4(d) and (e), respectively. 4 Considering the complicated speckle noise conditions in the ultrasound images, the 5 peaks in the corresponding HT accumulator array image were no longer as 'sharp' as 6 those of the simulated image, as shown in Fig. 4(c) . In such case, the removal width 7 for RVHT could be set to 12 pixels and the angles detected were marked in the figure   8 in the order they got detected. From the results obtained in the current experiments, it was observed that the 7 proposed RVHT had some advantages for the line/angle detection in the noisy images. 8 Compared to SHT, the RVHT was inherently anti-aliasing as the feature points which 9 had voted for a line were removed when the line was detected. As stated earlier, once 10 the favored candidate line won the global voting, voices of these feature points were 11 ignored in the subsequent voting, and so were those in the nearby neighborhoods
12
(depending on the removal width). In case the image was very noisy, such as in many 13 ultrasound images, the manual detection became more subjective and difficult. As 14 demonstrated in this study, the proposed RVHT method could detect the lines with a 15 performance comparable to that of manual operation. Moreover, the RVHT was 16 almost automatic and could potentially save lots of manual work in comparison with 17 the traditional way of orientation estimation in musculoskeletal ultrasound images.
18
Therefore, the proposed RVHT has great potential for future image-guided US 19 musculoskeletal analysis, especially for the automatic estimation of the muscle 20 thickness and fascicle length. Furthermore, this new method was inherently objective, 21 and when the US images to be processed are massive, the proposed method could be If the number of lines to be detected is given, the program can be stopped when that 6 number is accomplished, 2) If we know the feature differences between the expected 7 lines and the unexpected ones, a threshold can be set according to the feature 8 differences. In this study, we used the ratio of the number of feature points in the last 9 and first detected lines to control the algorithm. This ratio was set to be 25% in this 10 study. We found that the larger this ratio, the better the feature points map of the 
Conclusion
13
In this paper we proposed a modified Hough transform using a revoting strategy, easier to be detected using the proposed method. was set to be 25%. 
